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Abstract
Hexagenia limbata are burrowing mayflies that inhabit the Great Lakes and their
connecting channels. The objectives of this study were to quantify the differences in
seasonal adult emergence patterns between sexes and species. The final objective was to
examine egg and nymphal development as a response to emergence date and temperature
as well as the degree of plasticity displayed in their development.
Adult mayflies were collected for 2 h at sunset from quadrates placed on land near
dock lights at Colchester Harbour, Lake Erie, throughout the emergence period, June
through August. Mass emergence occurred in late June (between days 175-182), where
•y

numbers swelled over 10,000 organisms/m . Females in this population were
significantly larger than males on a given sampling date as well as across time. They
were also found to emerge over a longer time period than males, whereas males were
seen following more of a protandrous emergence.
In the laboratory I conducted a reciprocal transplant experiment in which
survivorship and growth of organisms were examined at temperatures, representing early
(20°C) and late (25°C) cohort development. Additionally, eggs from three populations
(Lake Erie, Lake St. Clair, and Detroit River) and across the emergence period were
reared in temperatures ranging from 16- 28°C representing the natural range indicative of
summer conditions. Hatching was quicker at increased temperatures, but took longer in
those eggs which were from the late emerging cohorts across all temperature conditions.
The eggs that hatched early in the season developed faster than those that hatched late in
the season.
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Results indicated that the early emerging nymphal cohort always achieved a
larger size both across time and populations but the degree of plasticity varied according
to the developmental time. Nymphs from late emerging cohorts always grew faster at any
set temperature, indicating that their development may be driven by seasonal constraints.
Late emerging insects are placed under a stronger time constraint to develop to a certain
point before the onset of unfavourable winter conditions. This research shows the
influence of the extended emergence on the plasticity and development of life history
stages in the burrowing mayfly, Hexagenia limbata.
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Chapter 1: Overview

Plasticity in individual genotypes may be linked to the development of embryonic
and nymphal stages of mayflies. As a response to environmental change it allows for the
potential for an organism to be adapted and have a tolerance to a wider range of
environments. This may be beneficial both to the distribution and development of an
organism and may correspond with a change in fitness. I studied three populations of
Hexagenia limbata over a 2 year period to determine if differences in development in
embryos and nymphs existed. In chapter 2 , 1 describe the results of a field survey to
examine the seasonal and nocturnal emergence pattern of adult Hexagenia. In chapter 3 ,1
discuss the effects of naturally occurring incubation temperatures as well as emergence
date on hatching rates and the degree of plasticity in embryonic development. In my final
chapter, reciprocal transplant experiments are to be conducted to examine the effect of
temperature on the growth rates in mayfly nymphal populations that originated from both
early and late emerging cohorts (Chapter 4).

General Introduction
Life history theory tries to explain how fitness (the “reproductive success” or
“intrinsic rate of increase” of a genotype coding for a certain set of phenotypic traits),
shaped through natural selection, can vary depending on trade-offs in development.
Trade-offs may account for differential development in organisms (Steams 2000), which
should be more prevalent in organisms that live in heterogeneous environments, because
they are expected to show some level of adaptation. Adaptation to a complex
environment can take one of several forms (Scheiner & Callahan 1999). Organisms can

1
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evolve rapidly as the environmentally mediated selective pressures change, display
alternative phenotypes each in response to the current environment or evolve a single
fixed phenotype that has a high mean fitness averaged across all environments. Where
environmental conditions vary or change on a temporal scale of a generation time or less,
populations or species become generalists: their alternative phenotypes allow them to
persist in the variety of conditions (Spitze & Sadler 1996). When the rate of
environmental change is slow (longer than a generation time), populations or species of
specialists evolve which become adapted to a specific set of biotic and abiotic conditions
(Spitze & Sadler 1996). Within the generalist life history choice, a change in the
phenotype that depends on the environment (phenotypic plasticity) can provide increased
environmental tolerance. Phenotypic plasticity is thus one solution to the problem of
adaptation to heterogeneous environments (Via et al. 1995).
In this thesis, I examine the degree of plasticity found in genotypes linked to the
development of embryonic and nymphal stages of mayflies due to environmental
influences. Because not every genotype responds differentially to changes in the
environment, nor do all environmental changes elicit a different phenotype given a
particular genotype (Pigliucci 1998), this potential ability of a given genotype to respond
differentially is a function of plasticity. Phenotypic plasticity is the ability of a single
genotype to produce more than one alternative form of morphology, physiological state,
and/or behaviour in response to environmental conditions (West-Eberhard 1989)
experienced during ontogeny (Nylin & Gotthard 1998). The alternative phenotype,
expressed in response to the range of environments is referred to as the reaction norm of
that genotype (Nylin & Gotthard 1998). Although each individual inherits the genetic

2
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capability to produce each of the different phenotypes in the various environments, the
expressed phenotype depends on the particular environment it experiences.
The current favoured approach to the study of plasticity is modeling the
trajectories of a group of genetically related individuals (a collection of isogenic lines,
clones, half- or full-sib families) exposed to a variety of environmental conditions
(treatments), and their response is graphed as a reaction norm (i.e. as a plot of the
phenotype versus environment for each genotype, or family) (Pigliucci 2001, Nylin &
Gotthard 1998). A reaction norm is the trajectory in environment-phenotype space that is
typical of a given genotype; plasticity is the degree to which that reaction norm deviates
from this (Pigliucci 1998) (Fig. 1.1).
The different reaction norms are important for understanding the causes of
phenotypic variation in that they translate a distribution of environments into a
distribution of phenotypes (Thompson 1991). These phenotypes can then indirectly be
used to infer whether the cause of variation is genetic, environmental or a combination of
the two. When the environment or the result of genotype x environment interaction
explains plasticity, selection for phenotypic variation may result. Plasticity may be
adaptive, injurious or neutral in effect (Alpert & Simms 2002). When plasticity in
development is beneficial to an organism living in a variable environment (where the
mean fitness levels increase across environments), traits such as adult size, and
development time of eggs and the rate of juvenile growth should show some degree of
plasticity.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

Environment

Fig. 1.1. The hypothetical plasticity of three separate genotypes as expressed
through phenotypes based on varying environmental conditions. Genotype 2 is
canalized; the outward expression is not influenced by the environment while
genotypes 1 and 3 vary plastically according to the environment they experience,
expressing differential levels of phenotype expression at one end of the
environmental continuum then the other. Figure modified after Pigliucci (2001).

4
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What evidence do we have for the existence of plastic genes?
Numerous studies have explored the ability of specific genes to respond to a
particular type of environment, resulting in a given pattern of behavioural,
morphological, and physiological changes (West-Eberhard 1989). Two well known cases
are the response to light by flowering plants and the influence of incubation temperature
on the sex determination of many reptiles. At the phenotypic level, flowering plants
dramatically alter their architecture and phenology when exposed to unfavourable
conditions (Dudley & Schmitt 1966). When the amount of available photosynthetically
active light is decreased (change in environment), plants will suppress branching,
increase the rate of vertical elongation of the stem, and flower earlier (change in
phenotype). This response is advantageous to plants by allowing them to complete their
life cycle and produce progeny before being shaded by competitors (Dudley & Schmitt
1966).
In the other case, Madeline Chamier (1966) discovered that the incubation
temperature of the eggs determined the sex of the offspring of the lizard Agama agama.
In warmer incubation temperatures, males developed. In colder conditions, females arise.
Temperature-dependent sex determination is now known to be a widespread phenomenon
among reptiles (Janzen & Paukstis 1991). Phenotypically, a difference in the environment
results in a change in the sex of the individual. These are clear examples where a change
in the environment results in changes at the physiological level leading to differences in
phenotypic expression.

5
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Why doesn’t every organism show plasticity?
If plasticity provides an organism with an excellent opportunity to adopt the
phenotype to best suit each environment, why are not all organisms perfectly plastic?
Plastic traits may either be hard to evolve, or they may disappear quickly in stable
environments (Nylin & Gotthard 1998). Because not all traits are plastic, there must be
certain costs associated with plasticity or the time lags between induction and expression
select against plastic phenotypes in many organisms (Nylin & Gotthard 1998). This must
be true; otherwise one would expect only adaptively plastic genotypes to exist wherever
environmental variability exists (Pigliucci 2001).
The classification by DeWitt et al. (1998) includes five types of possible costs to
plasticity:
1) Maintenance: the energetic costs of sensory and regulatory mechanisms.
2) Production: the excess costs of producing structures plastically (when compared to the
same structures produced through fixed genetic responses).
3) Information acquisition: the energy expended to sample the environment, which takes
away energy/time that could be used for other activities (e.g., mating, foraging).
4) Developmental instability: plasticity may imply reduced canalization of development
within each environment, or developmental “imprecision”.
5) Genetic: due to the deleterious effects of plasticity affecting other genes through
linkage, pleitropy, and epistasis.
The Scope of Plasticity and its relation to Adaptation and Natural Selection
Plasticity is of interest to evolutionists because it represents production by a single
genome to a diversity of potentially adaptive responses, whose timing, structural
relations, and environmental sensitivity are subject to natural selection (West-Eberhard
1989). Although the environment provides the cues that trigger phenotypic differences, it
is the genes that respond and thus they can evolve under natural selection (Bradshaw
1973, Via 1994). A plastic genotype is considered adaptive when it performs better than a

6

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

less plastic one across conditions, or when a specialist (nonplastic) genotype performs as
well as or even better than a plastic one under one condition, but does significantly worse
under the other condition (Pigliucci 2001). Depending on the frequencies of the various
environments, the plastic genotype may be favoured over time (Pigliucci 2001). Plasticity
is measured on traits related to fitness (such as body size, growth rate etc.), but not fitness
itself. The reaction norms for fitness are expected to show as little plasticity as possible
across environments for a genotype to be successful (Pigliucci 2001).
Why use insects?
Facultative seasonal polymorphisms involving morphology are more common in
insects than vertebrates (West-Eberhard 1989). This occurs partly because the
development and lifespan of most insects is short relative to the duration of particular
seasonal conditions. Since the evolution of an adaptive plastic response requires a cue
operating early enough in ontogeny to trigger the development of the appropriate
morphology (West-Eberhard 1989), seasonal cues (such as photoperiod) which signal the
impending onset of a climatic or resource-abundance phase are more predictive of future
circumstances experienced by a given life stage. Longer lived organisms with fixed
morphology cannot “track” seasonal fluctuations in this way (West-Eberhard 1989).
Why Plasticity should exist in mayflies?
Growth and development of Hexagenia limbata is related to temperature
(Giberson & Rosenberg 1994). Within populations, completion of life cycles may vary
where individuals within a single location may require either 1 or 2 years to complete
development, depending upon water temperature, the timing of emergence and
oviposition (e.g., Hudson & Swanson 1972, Flannagan 1979, Heise et a/.1987). The

7
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relationship between temperature effects on growth and development is quantified by
using a degree days (dd) model, in which accumulated dd required to complete the life
cycle are calculated. These data can then be compared with other populations or locations
(Southwood 1978; Higley et al. 1986). This topic will be addressed in Chapters 3-4,
which focuses on the developmental rates of embryos and nymphs. A threshold
temperature of 10°C is widely accepted for calculating dd requirements for the life cycle
of H. limbata (Giberson & Rosenberg 1992). In mayfly populations located between
latitudes 31°35’ to 45°51’N, H. limbata require about 2300-2500 dd (above 10°C) to
compete development (calculated by Giberson & Rosenberg 1994 from Hunt 1953,
Hudson & Swanson 1972, Welch & Vadopich 1989). Thus, mayflies which hatch from
eggs to nymphs in June develop and emerge the following August (14 months), whereas
those that hatch out in August complete their life cycle in June of the second year (22
months) (Fig. 1.2).
Since the evolution of plastic genotypes likely depends on the frequencies of
various environments, these insects should be adapted to both environmental conditions,
as parents and progeny are not experiencing the same environmental conditions. This life
cycle regulation and plasticity is an essential feature of insects living in seasonal habitats
(Gotthard & Nylin 1995, Nylin & Gotthard 1998). Plasticity may result in variation in
development time, growth rate and diapause in one of the life-cycle stages. During the
juvenile stage, insects have to make a “choice” between different developmental
strategies using reliable environmental cues that predict future conditions. Developmental
variation can be associated with morphological variation in the adult stage with size
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Fig. 1.2. The alternating generations of H. limbata as a function of emergence date
(Corkum, unpublished data).
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differences being the major focus for both life-history theory and empirical research
(Steams 1992).
Study Organism & Life Cycle
Hexagenia (Ephemeroptera: Ephemeridae) are burrowing mayflies that dominate
the benthic fauna of many large, shallow water bodies throughout North America
(Edmunds et al. 1976). They inhabit the unpolluted, soft-bottomed, mesotrophic habitats
of the Great Lakes (Schneider et al. 1969, Cook & Johnson 1974, Mozley & LaDronka
1988) and connecting channels (Edsall et al. 1991, Schloesser et al. 1991). Hexagenia are
among the largest aquatic insects found in the Great Lakes, and are important as
bioturbators of sediment, bioindicators of the health of the ecosystem (Reynoldson et al.
1989, Edwards & Ryder 1990), and as trophic integrators that link detrital energy
resources directly to fish. Mayflies are consumed with high selectivity by yellow perch,
walleye, lake whitefish, and other fishes (Clady & Hutchinson 1976, Clemens et al. 1923,
Cooper 1941, Johnson 1977, Klassen & Marzolf 1971, Ryder & Kerr 1978). Some of the
best rates of growth for yellow perch (Hayward & Margraf 1987), and the yearly
abundances of walleye (Ritchie & Colby 1988) have been associated with high
consumption of Hexagenia nymphs.
The life cycle of Hexagenia limbata consists of an embryo, nymphal, sub-adult
(subimago) and adult (imago) stage. Female imagos deposit fertilized eggs over water.
The eggs sink to the bottom sediments and, if suitable (mud-clay consistency), embryos
hatch in a few weeks into nymphs. In Lake Erie, the nymphal stage lasts one to two years
(Chandler 1963, Bedard 1990). The final instar nymph then leaves the bottom mud and
swims to the surface where its outer skin splits and the winged subimago emerges (Hunt
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1953). The subimago stage flies towards shore where it rests on vegetation for a day or
two before moulting into its final stage, a sexually mature imago (Hunt 1953). The
imagos then mate at dusk in swarms after which the females fly out over the water and
deposit their eggs on the surface (Hunt 1953). Hexagenia limbata are semelparous
organisms where both male and female imagoes die within a few hours or days after
mating (Corkum et al. 1997).
Study Sites
Three populations of H. limbata mayflies were chosen to represent the
development of this species within a narrow latitudinal range; western basin of Lake Erie,
Detroit River, and Lake. St. Clair. Historically, Hexagenia mayflies were found
extensively in the western basin of Lake Erie (Wright 1955, Chandler 1963), until the
early 1950s, when the population drastically declined and were nearly extirpated in the
1960s throughout the basin (Carr & Hiltunen 1965, Britt et al. 1973). This decline was
initiated by a major anoxic event in 1953 (Britt 1955). Anoxic conditions were produced
during an extended period of stratification that allowed oxygen to become depleted in the
hypolimnion (Britt 1955). During the period of 1960-1975, Lake Erie underwent
eutrophication (Bums 1985) caused by discharges of phosphoms from industrial,
agricultural, and municipal sources. Phosphate abatement programs were initiated, which
led to successful reductions in phosphoms, leading to a shift in the quality of habitat from
a eutrophic to a more suitable mesotrophic system (Schloesser et al. 1994). Also aiding in
the effort were the filtering capacity of zebra mussels, which invaded the Great Lakes in
1986, which resulted in the removal of particulate matter from the water column
increasing its clarity (Nalepa & Schloesser 1993) especially in nearshore areas. This
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increase in water clarity enabled Hexagenia to recolonize the basin from remnant
populations around the mouths of tributaries and the Bass Islands area. The Hexagenia
population in the western basin of Lake Erie was projected to fully recover throughout
the basin by the year 2002 (Krieger et al. 1966). Their recovery will likely benefit fish
populations including yellow perch, Perea flavescens, a former mainstay of the
commercial fishery (Jobes 1952, Hayward & Margraf 1987).
The other sites were chosen because they are located geographically close to the
western basin of Lake Erie and their inflow/outflow is connected. For Lake Erie, 80% of
its input comes from the Detroit River and 99% of Lake St. Clair’s output goes into the
Detroit River (Bolsenga & Herdendorf 1993). Following the widespread demise of
Hexagenia throughout western Lake Erie in 1953, nymphs survived continuously in the
relatively clean Canadian waters southeast of the Detroit River (Krieger et al. 1996). The
final site chosen was Lake St. Clair. Edsall et al. (2001) found that Lake St. Clair
contains some of the best habitat reported for Hexagenia nymphs in North America. The
seven highest production values in their study range were from Lake St. Clair due to the
optimized habitat factors of temperature, oxygen, and food supplies which strongly affect
the development, growth, and survival of this species (Britt 1955, Giberson & Rosenberg
1992).
Development based on Temperature and Latitude
My research is focused on three populations located within a narrow latitudinal
range to see if differences in development exist among populations. Growth and
development of H. limbata is related to temperature (Giberson & Rosenberg 1992),
which is indirectly related to latitude. Development from oviposition to adult may be
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completed in < 1 y in the southern U.S. (e.g. Edmunds 1989, Welch & Vdopich 1989),
although the life cycle may take 3-4 years in the northern part of its range (Giberson &
Rosenberg 1992). A summary of the relationship between latitude and completion of the
life cycle was adapted from work done by several authors (Table 1.1).
Approach
My research interest lies in the degree of plasticity in genotypes controlling the
development of embryos and nymphs. Because of the importance of environmental
temperatures on development, I anticipate that development of both embryos and nymphs
will reflect environmental conditions with increased temperatures corresponding with
quicker development. Using a reciprocal transplant design, I will examine if plasticity in
hatching and nymphal development exist as a function of temperature in three
populations, each sampled over an extended emergence period. Because of the alternating
adult generations where cohorts differ with respect to total developmental time (cf. 22
and 14 months) I expect to see a differential level of maternal energy devoted to the size
(nutritional energy) of eggs. Thus, I expect early (June) cohort eggs to hatch more
quickly than late (August) cohort eggs when both cohorts are exposed to constant
temperature conditions. However for nymphs, upcoming unfavourable winter conditions
place an inherent intrinsic seasonal constraint on late emerging insects. Because of this, I
expect the late emerging cohorts to exhibit greater plasticity and have a faster growth rate
compared to early emerging insects under similar temperature conditions, both in the
laboratory and the field.
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Table 1.1. Summary of development of Hexagenia as a response to latitude.

Bodv of water

Latitude

Life cycle

Reference

Boomer Lake,
Oklahoma

36°07.1’ N

1 year

Craven & Brown (1969)

Tuttle Creek,
Kansas

3 9 ° l l .r N

1 year

Horst and Marzolf (1975)

Gun Lake,
Michigan

42°36’ N

1 year

Hunt (1953)

Savanne Lake,
Ontario

48°49.5 N

2 years

Riklik & Momot (1981)

Lake Winnipeg,
Manitoba

51°N
52°N

Alternate 22
and 14 months

Flannagan (1977)
Neave (1932)

Southern Indian
Lake,
Manitoba

57°N

3 and 4 years

Giberson & Rosenberg (19S
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Chapter 2: Extended emergence, reproductive synchrony and body size differences
within a population of mayflies; a field survey.

Introduction
Hexagenia are burrowing mayflies that inhabit the oxygenated, soft-bottomed,
mesotrophic habitats of the Great Lakes (Schneider et al. 1969, Cook & Johnson 1974,
Mozley & LaDronka 1988) and their connecting channels (Edsall et al. 1991, Schloesser
et al. 1991). They are among the largest aquatic insects found in the Great Lakes. Where
they are prevalent, they provide an important link converting benthic detrital resources
into available energy for higher trophic pelagic levels. For example, in western Lake Erie
(Hayward & Margraf 1987, Tyson & Knight 2001), Saginaw Bay, Lake Huron (Schaeffer
1994) and Lake St. Clair (Synnestvedt 1996) the growth rate of yellow perch (Perea
flavescens), an economically valuable species, is largely influenced by the abundance of
Hexagenia. Because of their intolerance to pollution, Hexagenia have also been used as a
bioindicator of water and sediment quality to gauge the health of the aquatic ecosystem
(Reynoldson et al. 1989, Edwards & Ryder 1990).
The life cycle of Hexagenia consists of both an aquatic and terrestrial phase. The
subimago and imago stages of these insects come onto land for the purpose of moulting,
mating and dispersal, while they hatch and grow in their egg and nymphal stages in the
aquatic environment. The purpose of my field survey at Colchester, ON (41°59’N;
82°56’W) was to detect patterns in the adult Hexagenia mayfly population in terms of
body size differences between sexes and species, to examine synchrony in emergence,
and to quantify the extended emergence of these insects in terms of duration and density
across time. The information gathered is to be the basis for future egg and nymphal
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research (chapters 3 and 4). Body size is to be examined as it is directly correlated with
fitness levels of individuals as well as sexual selection. Fecundity in females is directly
related to body size (Giberson & Rosenberg 1992) and fitness as mediated through wing
size and the protandrous emergence in males (see discussion). Because the functional role
of body size differs between the sexes, I expect to see significant differences between
male and females. I will also examine if these differences are similar in the two co
occurring mayfly species, Hexagenia limbata and Hexagenia rigida both between sexes
and across time. Since individuals also decrease their potential of being consumed by
predators when they emerge with a greater number of conspecifics (Sweeney & Vannote
1982), and because mayflies do not exhibit anti predator strategies, my expectations are
that there should be a quantifiable mass swarming occurring in this population, and this
trend should exist both across a season as well as over a night.
Methods
To quantify the emergence period of a breeding population of Hexagenia, I
monitored density levels weekly at Colchester Harbour, Ontario (41°59’N; 82°56’W),
Lake Erie (9 June to 26 August, 2002). Emergence is defined as the transition from the
aquatic nymph to the terrestrial adult. Compared with other Lake Erie locations,
Hexagenia adults are found at Colchester Harbour in the greatest numbers (Corkum
unpublished data) due to its physical characteristics such as suitable mud/clay sediment
for burrowing, and oxygen concentrations > 4mg/L. To determine adult density, I
positioned 5 quadrats (0.65m ) near a dock light in a rough semi-circle arrangement. The
quadrats were placed on a white sheet, which contrasted the surrounding environment,
facilitating the collection. Each 15 minutes, mayflies that landed inside the quadrats were
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removed and preserved in 70% ethanol jars from 21:30 to 22:30 h (8 collection periods x
5 quadrats each evening). Mayflies were then categorized by sex, species and maturity in
the laboratory. Males (reddish-brown) and females (pale yellow) can be distinguished by
body colour. Examining male genetilia identifies species, and maturity through their
wings (smokey, subimago; clear, imago). Since adult females cannot be identified to
species (McDunnough, personal communication, Purdue University) they were pooled
into one category. A sub-sample of 30 imago and subimago male and female H. rigida
and H. limbata body lengths (tip of the frontal process to the end of the abdomen) were
measured weekly using a digital caliper.
Results
In 2002, mayflies were collected on 15 individual occasions beginning on day 163
and ending on day 238 (Julian days) (June 12- August 26). Mean and standard error (SE)
density levels of adults sampled revealed an extended emergence beginning in June with
a window of mass emergence occurring later that month (between days 175-182; Fig.
2.1). Maximum density of Hexagenia adults (subimagos and imagos) was recorded (for
10 days) in late-June (-10,000 ind./m2), followed by a gradual decline throughout the
summer. No adult Hexagenia were observed after August 26. The greatest emergence
density for these adult insects occurred during our last sampling period about 2 hours
after sunset (Fig. 2.2a). Over a night, emergence continues throughout the evening and
the peak is from 11:30 to 1:30 a.m. (Corkum unpublished data). Mean adult female
imago densities over a sampling night (Fig. 2.2b) showed that the highest densities of
adult females occurs before the sampling ceased.
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Fig 2.1. Mean and standard error (+ SE) density levels for Hexagenia over an emergence
season (n= 15).
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There were no significant differences in terms of body size between the two co-occurring
species H. limbata and H. rigida either across a season, or between the subimago or
imago stages (Table 2.1). None of the species, sexes, or stages differed in size between
those that emerged early (June) and late (August) in the season. There was no difference
in size for both males and females against date of emergence (Fig. 2.3a &b). However,
females were significantly larger than males on a given sampling date and over time (Fig.
2.4). Females also were found to emerge over a longer time period than males (Fig. 2.3a
& b), whereas males were seen in greater numbers earlier in the season and then declined.
In terms of wing size, measured as wing area -F body lengths, females had significantly
greater wing surface area than males (Fig. 2.5). Within each sex, subimagos had a
significantly larger wing surface area compared to imagos (Fig. 2.5).
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Table 2.1: Representation of body lengths across the emergence period, June 12-Aug 26,
2002 .
Species_________________________ n___________ F___________ P
H. limbata, male imago
H. limbata, male subimago
H. rigida, male imago
Hexagenia spp., female imago
Hexagenia spp., female subimago

248
202
120
251
180

3.846
1.654
2.566
0.336
0.808

ns
ns
ns
ns
ns
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Fig.2.3a. Mean (+ SE) size differences with 95% C.I. in female Hexagenia across an
emergence season.
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Fig.2.3b. Mean (+ SE) size differences with 95% C.I. in male H. limbata across an
emergence season.
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Fig. 2.4. Mean and standard body lengths (excluding cerci) for male (■) vs. female (•)
Hexagenia across time (p= 0.036).
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Fem ale

Male

Fig. 2.5. Wing size corrected for body size between male and female subimagos (shaded)
and imagos (clear). Differences in wing area/body length between female stages
are labelled “a” and “b” while differences in wing area/body length between
males are labelled “c” and “d”.
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Discussion
The main role of adult mayflies is to mate (Edmunds et al. 1976), and successful
reproduction depends in part on the adaptive physiological and behavioural traits that
adults possess for life in the terrestrial environment. Important aspects to achieve
reproductive success are the timing of emergence (season or time of day) and the
location, time and behaviour of swarming and mating. These characteristics influence
individual reproductive success through the abundance of potential mates and the number
of encounters of an individual by predators.
Hexagenia mayfly populations commonly exhibit an extended emergence in the
western basin of Lake Erie. Mayflies in this population began to emerge in early June and
continued until late August. The extended emergence during the summer of 2002 was
unimodal in nature which is an atypical occurrence. Over a larger sampling period as well
over a greater time scale, emergence of adult mayflies follows a bimodal distribution,
where a large early peak (e.g. 3rd week in June) is followed by a minor peak in August
(Corkum unpublished data). Still, because of this extended period of emergence, mayflies
emerging earlier in the mating season will experience different environmental conditions
than those emerging later in the season. Factors affecting mayfly development and
success that change across the season are temperature, photoperiod and the type and
number of predators. Also competitive effects such as the number of offspring, number of
viable eggs produced and time constraints in terms of hatching before the onset of winter
vary with different emergence times, enabling one to explore egg and nymphal response
to emergence date.
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REPRODUCTIVE SYNCHRONY
I found that spatial aggregation of these insects was occurring at certain times
across a night and a season (Figs. 2.1 and 2.2), confirming the synchronous swarming of
Hexagenia at Colchester Harbour. Reproductive synchrony has been defined as the
tendency of individuals to carry out some part of the reproductive cycle at the same time
as other members of the population (Sweeney & Vannote, 1982, Ims 1990). Darling
(1938) suggested that the degree of reproductive synchrony in colonial birds might affect
nest predation rates. When such interactions (e.g. predation) affect the reproductive
success of individuals, natural selection can modify the temporal pattern of breeding,
which initially may be determined by environmental seasonality. Reproductive synchrony
will then evolve as a result of a reproductive advantage (e.g. reduced predation on
offspring) accrued to individuals capable of synchronizing their reproduction with their
neighbours (Ims 1990). An alternative benefit concerning reproductive synchrony among
mayflies is that the adaptive significance lies mainly with increasing the probability of
each sex finding a mate during the brief adult stage.
BODY SIZE
Body size has important ecological and evolutionary implications for adult insects
(Peters 1983), and considerable variations in final adult size between sexes were seen in
this study. In insects, genetic constraints determining body size are often less important
than environmental conditions (Sebens 1987). Since adult mayflies do not feed, the size
an individual attains during its nymphal development may dictate the life history
strategies with respect to dispersal ability and fecundity. Variation seen in body size also
could be a by-product of the timing of metamorphosis that is influenced by time
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constraints placed by the environment (Abrams et al.1996). For example, if the next
generation of eggs or nymphs needs to attain a certain developmental stage before the
onset of unfavourable factors (e.g., cold or dry season), a delay in metamorphosis by
nymphs of the current generation decreases the survival probability of the next generation
of offspring. Selection should favour a nymph-to-adult transition that balances the
potential increase in individual fecundity associated with delayed emergence and with the
potential costs of delayed emergence (Rowe & Ludwig 1991).
Overall, adult females were larger than males and this was the case both within a
collection night as well as over the emergence season. Also, there was a general trend
(although not significant) in decreasing body size for both males and females as the
season progressed. In many species of animals, females attain a larger body size than
males. Darwin (1874) proposed a general explanation for large female size: “Increased
size must be in some manner of more importance to females.. .and this perhaps is to
allow the production of a vast number of ova” (1874, p. 332). The smaller size of male
insects was believed to occur to be adaptive so they could emerge (and be ready to mate)
before the emergence of larger females. This “fecundity advantage” model has been used
to explain why females grow larger than males in many diverse taxa including
zooplankton, insects, fishes, amphibians, reptiles, birds, and most animal species
(Williams 1966, Gibbons 1972, Trivers 1972), and why the reverse effect is seen in many
birds and mammals (Trivers 1972).
The cause of sexual dimorphism in mayflies may be a result of selection for
protandry; the tendency for the first adult males of a particular generation to emerge a
few days before the first females (Wicklund & Fagerstrom 1977). By emerging earlier,
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males can maximize the expected number of encounters with virgin females. Since
female mayflies are short-lived (1-3 d), it is more likely that males would want to arrive
before females resulting in smaller male size, the reverse of the effect of sexual selection
in vertebrates. In vertebrates, size differences result largely from selection pressures
associated with mating systems. Delaying maturity and growing larger carries a direct
benefit since individuals would then be better able to compete with older well established
males. However, in species with discrete generations, where selection for the situation of
protandry exists, the newly emerged adult males do not find themselves competing with
old well established males. When this happens, the total time taken by development is the
same for males as for females. If males are to emerge before females, they must have
shorter developmental times than females, and hence will be smaller, if they grow at the
same rate as nymphs (Singer 1982). Other explanations are the different ultimate
functions between the two sexes. The function of a male is to produce sperm so the
smaller male size may be related to the lower energy cost of sperm than of egg
production.
Another factor leading to this dimorphism is that small males might have a better
chance of acquiring females than large males. (McLachlan & Allen 1987). Evidence from
wing size data (Fig. 2.5) supports that small size in male insects may be selected for
greater manoeuvrability in mating swarms (McLachlan 1985, Corkum 1987). The wings
of a female are broad and long and beat with a long, slow stroke, while they are short and
narrow in males, beating much faster and with a shorter stroke. This type of flight is
appropriate to the sustained load-bearing required of gravid females dispersing on
oviposition flights, and to the necessary aerobic virtuosity displayed by males: an
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appropriate attribute in a mating swarm (McLachlan 1986). There also is no real benefit
for a male to become larger than a female, other than to exclude conspecifics in fights
with the cost of waiting to grow (risking predation) increasing the difficulty to fly, and
becoming a more visible target to predators.
There was a general decrease in body size of mayflies over a season. As spring
progresses, the numbers of potential mayfly predators increases (Peckarsky et al. 2001).
Aquatic insects are very vulnerable to predation during the process of metamorphosis.
Selection should favour mayflies to forego further growth for increased survival if the
risk of predation is high (Tseng 2003). Clifford (1969) suggested that when nymphs of
the mayfly Leptophlebia cupida reached a “mature” stage, they could moult to a
sub imago regardless of size. Rowe and Ludwig (1991) suggested that decrease in size at
maturity was an adaptive response to “the conflict between size and age at maturity
(emergence)”. The benefits accrued by a smaller adult that emerges 1 year earlier may
offset the cost of producing a smaller clutch, by avoiding mortality as an over-wintering
nymph (Corkum et al. 1997). Also, under density-independent conditions, accelerating
generation time is far more effective in raising the intrinsic rate of natural increase than
increasing fecundity (Steams 1976).
Implications

This field survey has provided a basis for further testing of certain aspects of Hexagenia
development. Hexagenia has been shown to display an extended emergence period over
the summer. This trait is directly related to both the environmental (temperature) and
intrinsic condition (time constraints) affecting the development of both eggs and nymphs.
The time it takes for completion of growth and development can influence fecundity,
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competitive abilities and ultimately the level of fitness of these insects. The importance of
this extended emergence will be tested on its effect on egg and nymphal development.
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Chapter 3: Effects of emergence date, and temperature on the incubation period and
plasticity of three populations of Hexagenia limbata (Ephemeroptera: Ephemeridae)
eggs.

Introduction
Many researchers have examined the effects of water temperature on egg
development among aquatic insects (Hunt 1953, Fremling 1967, Friesen et al. 1979,
Wright etal. 1982, Brittain 1982, 1990, Butler 1984, Humpesch 1984, Sweeney 1984,
Heise et al. 1987). Egg development for Ephemeridae is temperature dependent and may
be completed in as little as 2-3 weeks under summer conditions (>20°C: Neave 1932,
Hunt 1953, Flattum 1963), or may extend over months at cooler temperatures (Flattum
1963, Hudson & Swanson 1972). The timing of egg development may provide clues
about nymphal developmental rates, identification of cohorts, estimations of secondary
productivity (Mutch & Pritchard 1982), and the interpretation of the insects’ life cycle.
Previous interpretations of life cycles focused mainly on nymphal development, but large
variations in voltinism can be attributed to timing of the egg incubation period (Giberson
& Rosenberg 1992). For example, eggs deposited in warmer water, may hatch quickly,
leading to earlier nymphal growth, whereas eggs deposited in cold water, may delay their
hatching or over-winter. This has lead researchers to suggest an alternating 14/22-month
life cycle found for Hexagenia limbata in Lake Winnipeg and Lake Dauphin in Manitoba
(Flannagan 1979).
The objectives of this study were to determine the influence of temperature and
date of adult emergence on plasticity in egg hatching. To examine the effect of time of
adult emergence on subsequent egg hatching, I compared the development of eggs
oviposited by females which emerged from early (June), mid (July) and late (August)
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emergence periods. Because of the alternating adult generations where cohorts differ with
respect to total developmental time (cf. 22 and 14 months) I expect to see a differential
level of maternal energy devoted to the size (nutritional energy) of eggs. Thus, egg sizes
from early (June) & late (August) cohorts were compared and consequently I expect early
(June) cohort eggs to hatch more quickly than late (August) cohort eggs when both
cohorts are exposed to constant temperature conditions. Larger eggs likely carry more
nutritional energy that ultimately results in larger 1st instar nymphs, which may become
superior competitors (Corkum et al. 1997). Also, heavier eggs may sink through the
water column more quickly; avoiding predation, compared with lighter eggs (Corkum et
al. 1997), so there may be a fitness benefit of producing larger eggs.
To quantify the effect of temperature, the number of degree days (dd) required for
an individual to complete egg development were calculated. These can then be compared
with other populations or locations (Southwood 1978; Higley et al. 1986). I calculated
the dd requirements at different temperatures above a certain threshold to predict when
eggs would hatch for 3 different populations. In Hexagenia, a threshold temperature of
10°C is widely accepted for calculating dd requirements for its egg development cycle,
and is defined as the point where the process being observed does not occur (Richards
1959).
The second aim of this study was to determine if plasticity in egg development
was evident. Plasticity is the ability of a single genotype to produce more than one
alternative form of morphology, physiological state, and/or behaviour in response to
environmental conditions (West-Eberhard 1989) experienced during ontogeny (Nylin and
Gotthard 1998). It represents production by a single genome to a diversity of potentially
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adaptive responses, whose timing, and environmental sensitivity are subject to natural
selection (West-Eberhard 1989). Plasticity provides an individual with a natural buffer
against physical change. This is especially important for insects living in shallow bodies
of water where environmental changes can cause death or influence the distribution of
these species. To examine plasticity, a group of genetically related individuals is exposed
to a variety of environmental conditions (treatments), and their response is graphed as a
reaction norm (i.e. as a plot of phenotype versus environment for each genotype, family,
or clone) (Nylin and Gotthard 1998, Pigliucci 2001). The observed phenotype can be
used to infer whether the cause of this variation is due to the genotype, environment, or a
genotype by environment interaction.
By conducting a reciprocal transplant study, I compared differences in time to
50% hatching between eggs emerging early in the season (cohort 1) exposed to both
natural and simulated (late emerging) temperatures with those hatching rates of eggs from
late emerging insects (cohort 2) exposed to their natural and simulated (early emerging)
temperatures. I anticipate that the effect of water temperatures on egg hatching differs
consistently between early and late cohorts for all 3 populations.

Methods
Experimental Design
Incubation temperatures
la. Sampling location, emergence date, and temperature on time to 50% egg hatching
and egg size
The effect of emergence date and temperature on the development of laboratory
raised H. limbata eggs was studied using a 4 (temperature) x 3 (date of emergence)

42

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

factorial design (n =5 replicates/treatment) at the 3 study sites (Colchester Harbour, W.
Lake Erie; town of Belle River, Lake St. Clair; Windsor, Detroit River) (Fig. 3.1). Eggs
were collected for 8 consecutive weeks at sunset when mayflies are known to swarm,
which began on the week of June 10, 2003 and ended the week of August 10, 2003. Eggs
were then categorized into early, middle, and late groups representing June, July, and
August eggs respectively. Five random individual 4 oz. whirlpak® bags were chosen out
of 24 bags each containing eggs oviposited by individual females to represent each
replicate. Pilot studies conducted in the summer of 2002 showed that a subset of 5-8
replicates randomly chosen from a batch of 24 females was reliable to discern differences
in hatching date across time. I removed approximately 100 eggs from each replicate using
a Pasteur pipette and placed the eggs into a Petri dish (diameter 5.4 cm) containing
dechlorinated oxygenated water. Petri dishes were then randomly placed in incubators set
at one of four temperatures: 16, 20, 25 and 28°C. This represented the range of values
that the eggs experience in the summer in the western basin of Lake Erie (Fig. 3.2) and
are exposed to naturally at the bottom of the western basin (Schertzer et al. 1987). To
remove the confounding effect of light and to simulate field conditions, eggs were
incubated in the dark. There is no indication that photoperiod influences development
time in mayfly eggs (Brittain 1982). To negate any influence of evaporation or water
volume on temperature and hatching, Petri dishes were replenished with aerated
dechlorinated water every 2 days. This also ensured that water conditions did not become
hypoxic (<4.0 mg/L), which can affect the survivorship of eggs (Gerlofsma 1999). Petri
plates containing eggs were examined daily for hatching. When nymphs hatched they
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Fig. 3.1. The three study populations were collected from Colchester Harbour, W. Lake
Erie, the town of Belle River, Lake St. Clair, and the city of Windsor, Detroit
River. Map is modified from data provided by NOAA and OMNR, and Sapna
Sharma.
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Fig. 3.2. Temperature data from the Colchester water treatment plant in W. Lake Erie
for the period between May to September collected by OMNR.
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were counted and removed using a Pasteur pipette. Daily counts were made using a
dissecting microscope at x25 magnification. Observations ended once eggs were either
brown or deteriorating internally indicating death. To measure the maternal influence on
egg development as a function of emergence date, eggs were measured. Maternal
influence is measured as the total developmental period taken by adult females. This total
time differs between the early and late emerging cohorts. The elliptical size of eggs was
measured using the formula: egg size = n x Vz length x V2 width. Because two species, H.
limbata and H. rigida co-occur at the study sites and because adult females of Hexagenia
cannot be identified to species, the chorionic structure of eggs were examined to
determine species (Koss 1968) to ensure that only H. limbata was used.
lb. Number o f degree days required fo r hatching.
The number of degree days required for hatching was calculated for the three
study populations. A degree day represents one degree of mean temperature above the
threshold temperature lasting for one day (Davidson 1944). Data for egg hatching at the
four temperature conditions was obtained from the work done on the influence of
emergence date on egg hatching. The calculation of development time was expressed as
the number of days from oviposition to 50 % hatch:
dd = (T - T0)d
where T = study temperature, T0 = threshold temperature, and d = number of days above
threshold (Southwood 1978).
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Table 3.1. Summary of 2 x 2 factorial experimental design used to study the influence of
plasticity due to the effect of genotypes (cohorts) and temperature on the development of
H. limbata eggs. Natural temperatures correspond to those experienced in the field at that
emergence time while simulated temperatures represent temperatures experienced by the
other cohort.

Temperature
(°C)

Earlv

Late

20°C

Natural

Simulated

25°C

Simulated

Natural

Cohorts
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2. Plasticity
The effect of the genotype on the degree of plasticity of laboratory reared H. limbata eggs
was examined using a 2 cohorts (early and late) x 2 temperature (20°C, 25°C) factorial
design (Table 3.1). Five replicate samples of eggs (obtained from 5 different female
imagoes) from the 3 study sites from both early and late emerging cohorts were
transplanted and placed in temperatures corresponding to natural and simulated
temperature regimes. For example, eggs that were oviposited in June were given their
naturally occurring temperatures (20°C) as well as the corresponding simulated August
temperature (25°C) conditions. For eggs oviposited in August, their natural temperature
was 25°C, while the simulated temperature was that expected if they had emerged earlier
at 20°C. The number of eggs used and their maintenance was kept constant as in the
emergence date study.

Results
Incubation Temperatures
la. Sampling location, emergence date, and temperature on time to 50% egg hatching
and egg size
I examined time to 50% of eggs to hatch for H. limbata eggs within and between
populations as a function of temperature and emergence date. Within a population, there
was a significant effect of temperature on time to development with an increase in
temperature resulting in a decrease in the amount of time required for eggs to hatch
(Table 3.2). The sample sizes also decreased significantly with decreased temperature,
signifying differences in hatchability at the various incubation temperatures (Table 3.3).
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Table 3.2. Number of degree days required for development of H. limbata eggs reared
from 3 populations at 4 temperatures (16,20,25,28°C).
Site

Water
temp. (°C)

Days to 50% of eggs to
hatch

Detroit River
Detroit River
Detroit River
Detroit River

28
25
20
16

11.49
12.75
22.60
28.27

(0.119) n = 51
(0.076) n = 45
(0.657) n = 27
(0.098) n = 19

207
191
226
170

W.
W.
W.
W.

28
25
20
16

11.53
12.55
22.57
29.91

(0.130) n = 41
(0.114) n = 37
(0.518) n = 32
(0.965) n = 21

208
188
226
179

28
25
20
16

11.43
12.66
22.58
29.17

(0.095) n = 38
(0.072) n = 39
(0.568) n = 35
(0.463) n = 22

206
189
226
175

Lake Erie
Lake Erie
Lake Erie
Lake Erie

Lake St.
Lake St.
Lake St.
Lake St.

Clair
Clair
Clair
Clair

Degree days for 50%
hatch
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Table 3.3. Results from 3-way ANOVA determining significance of
population site, temperature, and emergence date on hatching.
Source of Variation
Site
Temp
Date
Site * Temp
Site* Date
Temp* Date
Temp* Date* Site

df
2
3
2
6
4
6
12

MS
3.74
974
25.8
0.99
1.40
10.8
1.47

F
1.67
435
11.5
0.45
0.63
4.82
0.65

P
0.202
0.000
0.000
0.843
0.646
0.001
0.781
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There was a significant relationship between date of oviposition and hatching. A
3-way ANOVA was conducted and showed that eggs oviposited late in the season took
significantly longer to hatch than those oviposited early in the season (P<0.000) (Table
3.3). Emergence date (P<0.000), and the interaction between these variables (p= 0.001)
also significantly influenced the time for 50% of the eggs to hatch (Table 3.3). I tested for
differences in slopes and intercepts among populations in number of days for 50% of
eggs to hatch at the 4 temperature conditions throughout the emergence period (Fig. 3.2).
No significant differences in egg hatching were noted among the 3 populations exposed
to any of the 4 temperatures. Julian date refers to the date when eggs were collected from
female Hexagenia. (Fig. 3.3). Because no genetic analysis on the relatedness was
conducted between populations, there is a possibility that the 3 mayfly populations may
represent one population.
Because I suspected that maternal influences affected total development time,
mean (+ SE) egg size differences among populations were tested. Eggs were obtained
from a random subset of females from all 3 populations from both an early and late
emerging cohort. Mean egg size was significantly larger for eggs oviposited early in the
season compared to late in the season when data were pooled for the three populations
(Fig. 3.4). There was no difference in body sizes among females over time within each
study site (Chapter one data). Populations from the town of Belle River (Lake St. Clair)
and Detroit River differed in egg size between early and late emergence dates, but the
size of eggs from Colchester did not (Fig. 3.5).
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Fig. 3.3. Relationship between the number of days required for 50% of H. limbata eggs to
hatch across their emergence period in 2003. Julian date refers to the date when eggs
were collected from female Hexagenia. Differences were examined between three study
populations at 4 incubation temperatures.
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Fig. 3.4. Mean (+SE) size of eggs (mm ) pooled from the 3 study sites collected from
early and late cohorts. There was a significant difference between egg sizes
(labelled “a” and “b”) depending upon collection date (P= 0.002).
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Fig. 3.5. Mean (+SE) egg size (mm ) collected from early and late emerging cohorts at
the three study sites. There was a significant difference between egg sizes
between cohorts (labelled “a” and “b”) from the Detroit River and Lake St. Clair
population. There was no significant difference in egg size in the W. Lake Erie
population between cohorts.
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lb . Number o f degree days required fo r hatching.

There was a linear (Y= A + BX) relationship between 50% hatching time of eggs (Y) and
temperature (X) for H. limbata for all three population sites (Fig. 3.6). The number of
days required for 50% of the eggs to hatch into nymphs was lowest at the highest
incubation temperature (28°C) and descended sequentially for all populations (Fig. 3.6).
In each case, temperature accounted for 97% of the variation seen in hatching rate. All
slopes were significantly different from zero (p< 0.014-0.017) within populations. The
number of degree days required for development was lowest at the 16°C treatment,
followed by the 25, 28, and 20°C treatments for all 3 populations (Table 3.3). Data for
50% hatch was obtained from Table 3.3, the across season average time to 50% hatch,
and entered into the aforementioned dd formula.
Plasticity

The degree of plasticity was examined to determine if development was genetically fixed
or environmentally mediated between early (genotype 1) and late (genotype 2) cohorts.
Genotypes showed a significant change in hatching rate when exposed to varying
temperatures (20°C cf. 25°C) (Fig. 3.7). In all three populations, the earlier emerging
cohort took fewer days for 50% of the eggs to hatch at each of the temperature conditions
while both cohorts took a significantly shorter time to develop at the higher incubation
temperature.
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Discussion
Incubation temperatures
la. Sampling location, emergence date, and temperature on time to 50% egg hatching
and egg size
Temperature and emergence date play a pivotal role in the development of H.
limbata eggs. Those insects which emerge late in the season take longer to develop at
those conditions which are experienced naturally (20-28°C) during the emergence period
compared with those insects emerging early in the season at the same temperature
conditions (Table 3.2). There may be several reasons for this result. The costs to adults
who develop quicker (cf. 14 & 22 months) may be realised in egg quality, measured
through egg size and/or the benefit of hatching as quick as possible may be more
important for early emerging cohorts as density levels are higher (chapter two data) and
subsequently space to develop may be more valuable. In a phenotypic trade-off, where
mayflies either develop in 14 or 22 months, differential developmental times may result
into a differential allocation of resources between traits, such that an individual that
devotes more resources for one trait will have fewer resources to invest in another
(Avelar 1993). The tradeoff may be between increasing soma to get to a stage that would
be appropriate for emergence with the costs of decreased energy devoted towards the
production or quality of eggs. This can lead to differential levels of egg quality and
production that may directly influence nymphal development. Clifford (1969) suggested
that when nymphs of the mayfly Leptophlebia cupida reached a “mature” stage, they
could moult to a subimago regardless of size. Rowe and Ludwig (1991) suggested that
decrease in size at maturity was an adaptive response to “the conflict between size and
age at maturity (emergence)”. The advantage of a small imago emerging 1 year earlier
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may offset the cost of producing a smaller clutch, by avoiding mortality of over-wintering
nymphs.
Also, under density-independent conditions, accelerating generation time is far
more effective in raising the intrinsic rate of natural increase than increasing fecundity
(Steams 1976). Rowe and Ludwig (1991) state that the timing of metamorphosis is
influenced by time constraints. For example, if the next generation of eggs needs to reach
a certain developmental stage before the onset of an upcoming unfavourable period (e.g.,
winter/ dry season/ food shortage), a delay in metamorphosis by nymphs of the current
generation decreases the survival probability of the next generation of offspring.
Selection should favour a nymph-to-adult transition that balances the potential increase in
individual fecundity associated with delayed emergence with the potential costs of
delayed emergence (Rowe & Ludwig 1991). Other hypotheses claim that metamorphosis
is influenced by the risk of mortality (Wemer & Gilliam 1984). As spring progresses, the
number of potential predators increases (Peckarsky et al. 2001) and so a mayfly that
delays transition to adulthood may increase its likelihood of being eaten. Selection should
favour mayflies to forego further growth for increased survival probabilities if the risk of
predation is high. All these factors may help to explain why we see a difference in
developmental rates due to emergence.
There was a quantifiable difference in egg size between cohorts where size varied
with the emergence date. Eggs from insects that emerged in June were significantly larger
than those that emerged in August. These findings are consistent with previous studies
(Corkum et al. 1997). They found that the largest eggs and subsequent newly hatched
nymphs occurred at peak emergences of adults which occurred relatively early in the
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emergence period (Emergence from June 17 to July 28; peak emergence was the first
week of July). Although my study sites are representative of two habitat types (Lakes and
Rivers) egg size (surface area) of H. limbata between the two does not differ (Corkum &
Ciborowski 1995). Researchers have assumed that egg size in insects is constant and
independent of clutch size (Parker & Begon 1986); yet, egg size does vary systematically
in some insects (Roff 1992). Large eggs may give rise to immatures that are superior in
some way (e.g., in the ability of newly hatched individuals to survive until food resources
are found) to those individuals hatching from smaller eggs (Ito 1980). In studies of early
stages of development, maternal effects have frequently been shown to influence
variation in size and growth rates of nymphs (Travis 1981, Travis et al. 1987, Newman
1988). Egg size is important in determining fitness because it affects nymphal survival,
nymphal growth and adult fecundity. Smith and Fretwell (1974) suggested that maternal
size might influence offspring growth since females of different sizes have different
amounts of resources to allocate to offspring. Larger females could have more eggs,
larger eggs, or both more and larger eggs than small females (Berrigan 1991). This
difference in egg size may be why we see a difference in hatching rate across a season, as
more energy may be available to larger eggs.
lb. Number o f degree days required fo r hatching.
There was a significant positive relationship between incubation temperature and
egg development. The slopes of the time/temperature curves were less than -1 (Fig. 3.6),
indicating adaptation of these mayflies to high temperatures, within a favourable range,
because the higher the temperature the fewer the number of heat units required to
complete development. The number of heat units (degree days) required to complete a
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particular phase of an insect’s development is a measure of the thermal energy necessary
to drive the metabolic processes involved. The slope of the lines (Fig. 3.6) displays the
habitats to which these insects are evolutionarily accustomed. For example, slope values
below -1 imply a habitat with predominantly higher temperatures within the favourable
range (Mutch & Pritchard 1986). Since the slopes are significantly below -1, H. limbata
oviposits during situations where water will remain warm at least for the duration of the
development of the embryos. Further evidence in the adaptation to warmer temperatures
comes from their emergence period. H. limbata emerge from western Lake Erie &
oviposit once water temperatures reach a threshold of 20°C and continue emerging as the
season and corresponding temperatures increase towards an asymptote of ~ 25°C, after
which emergence does not occur once the temperature drops below the 20°C value
(Corkum unpublished data).
The number of degree days to complete development was calculated for all
populations at all temperature conditions. Eggs obtained from populations at higher
latitudes (56°38’ - 57°40’N) require 160-240 dd >10°C to complete development
(Giberson & Rosenberg 1992). In Lake Winnipeg (50-54°N) completion of nymphal
development required 170-190 dd and 200-260 dd in some lakes in Michigan (42°36’N);
calculated from Hunt (1932). In my study, eggs required between 170-226 dd >10°C to
complete development. These differences in dd for hatching are minor such that the
temperature responses of H. limbata are fairly constant over a wide geographic area
(Giberson & Rosenberg 1992).
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Plasticity
My final objective was to quantify the degree of plasticity in egg development of
the 3 populations. When environments within the range of a species differ, it may be
unlikely that any single phenotype will confer high fitness in all situations. In such a case,
a change in the phenotype that depends on the environment (phenotypic plasticity) can
provide increased environmental tolerance. Phenotypic plasticity is thus one solution to
the problem of adaptation to heterogeneous environments. Life-cycle regulation and
plasticity are essential features of insects living in seasonal habitats (Nylin, 1994,
Gotthard & Nylin 1995, Nylin & Gotthard 1998). They may include variation in
development time, and growth rate in one of the life-cycle stages. It is clear that the
degree of phenotypic change across environments can differ among characters, and that
the amount and type of phenotypic change observed depends on the sort of environment
under consideration. The plastic changes in the phenoytype may be either adaptive or not,
but given appropriate genetic variability, adaptive phenotypic responses to the
environment are thought to be able to evolve in populations that encounter predictable
environmental change. It must be noted that when examining the slope between 2 lines, it
will always be a straight line. This will not be a problem for this study as percent hatch
was examined over 4 temperatures and showed a consistent trend. Figure 3.7 shows 3
important details about the different Hexagenia populations. First, since the slopes of the
two cohorts are not the same within a population, it can be concluded that these are two
separate genotypes which are coding for hatching duration. It also suggests that there is a
significant cohort x temperature interaction occurring because the slopes are different.
The average across environment trait value (Y-axis) of each cohort is different which
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means that not only are individual genotypes distinct but that the population as a whole
shows genetic differentiation. Finally, because the hatching rate within each genotype
differs depending on the environment, there is a definite environmental influence on
hatching.
In this study, because the slopes of the two reaction norms are different from each
other this indicates that the reaction norms will cross. This means that no single genotype
is more plastic over another, that no one phenotypic value is higher in all environments,
which would cause that genotype to be fixed by selection. In the 20°C environment
where the norms of reaction are further apart for all 3 populations (Fig. 3.7), genetic
variation would be expected. The importance of these various genotypes with different
reaction norms can affect their abundance in a population by not only changing the
genetic variance but the environmental variance as well. In populations that are
composed of the phenotypes which are more representative of the late cohort, (ones that
show a marked response to environmental change), the distribution of phenotypes will be
more variable than in a population composed mainly of the less responsive genotype
(cohort 1). Marshall and Brown (1973) suggest that in heterogeneous environments the
most stable populations will be those that contain a high degree of genotype-byenvironment interaction in order to evolve the appropriate plasticity to maintain fitness.
For all 3 populations, genotype 2 (late emerging cohort) is the most plastic, showing a
greater response. Genotype 2, also is specialized to the 25°C temperature environment, as
is genotype 1 to a lesser extent. This is determined as time to 50% hatching was lower at
the increased incubation temperature. In conclusion, the significance of this research is
that in all 3 populations of H. limbata mayflies, there is a definite cohort, temperature and
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cohort x temperature effect on developmental rates. It has been shown that within these
three populations of mayflies, definite environmental as well as internal influences are
influencing egg development that can have a large impact on both the distribution and
development of this species.
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Chapter 4: Effect of emergence date and temperature on the development and plasticity
of laboratory and field reared Hexagenia limbata (Ephemeroptera: Ephemeridae)
nymphs.

Introduction
Hexagenia (Ephemeroptera:Ephemeridae) are burrowing mayflies which inhabit
the oxygenated, soft-bottomed, mesotrophic habitats of the Great Lakes (Schneider et al.
1969, Cook & Johnson 1974; Mozley & LaDronka 1988) and their connecting channels
(Edsall et al. 1991, Schloesser et al. 1991). Completion of their life cycle is highly
variable, and may be completed in < 1 yr in the southern U.S. (Edmunds et al. 1976,
Welch & Vadopich 1989) or take as long as 4 years in the northern part of its range
(Giberson and Rosenberg 1992). Within single locations, mixed life cycle populations
also exist where individuals may differ in the time required to complete development,
depending upon water temperature and the timing of emergence and oviposition (e.g.
Hudson & Swanson 1972, Flannagan 1979, Heise et al. 1987).
The first objective of this study was to examine the influence of alternating
temperatures on the growth rate and survivorship of H. limbata. Growth rates,
survivorship and ultimately body size have important ecological and evolutionary
implications for adult insects (Peters 1983). Body size is directly related to the fecundity
of females (Giberson & Rosenberg 1992) and to the protandrous emergence of males
(Chapter One). In insects, genetic constraints determining body size are often less
important than environmental conditions (Sebens 1987), and notable variation can be a
function of rearing conditions. In mayflies, all growth occurs during the nymphal stage as
adults are short-lived and do not feed, so the size variation seen in the adult population is
contingent upon the development of nymphs.
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Several factors have been suggested to explain variation in size and growth in
nymphs, including temperature, photoperiod, degree days, food, and density (Sweeney
1984, Corkum & Hanes 1992, Hanes & Ciborowski 1992, Giberson & Rosenberg 1994).
Many of these factors, with the exception of temperature seem to influence growth of
Hexagenia only much later in development (i.e., after 90 d growth) (Hanes 1992).
However, endogenous factors such as the date of adult emergence and female size (Hanes
1992) may influence nymphal growth especially early in development. In populations
located between latitudes 31°35’ to 45°51’N, H. limbata requires c. 2300-2500 dd. over
10°C to compete development (calculated by Giberson & Rosenberg 1994 from Hunt
1953; Hudson & Swanson 1972; Welch & Vadopich 1989). Thus, mayflies whose eggs
hatch in June likely develop and emerge in 14 months (the following August) while those
whose eggs hatch in August complete their life cycle in 22 months (June of the second
year).
Many quantitative studies have described the relationship between temperature
and the pattern of growth for many species of Hexagenia but have been limited either to
one stage (egg or nymph), or a single collection date (Wright et al. 1982). Because the
total developmental period of the two cohorts of mayflies differs (cf. 22 and 14 months)
which may translate into differential allocation/levels of resources, I wanted to determine
whether differential generation time of adults translated into differential nymphal
development. I expect that there should be some benefit which is directly tied to fitness
(body size) in the development of nymphs raised from the 22 month cohort rather than
the 14 month cohort. This sort of benefit was also evident in egg sizes where eggs
collected early in the season (where the adults presumably took 22 months to develop)
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were significantly larger than eggs collected later in the season. Egg size is related to
nutrient supply and the quality of the 1st instar nymphs (see chapter two discussion).
The second and final objective was to determine the degree of plasticity in
nymphal growth rates in response to heterogeneous environmental (temperature) signals
both within and between populations. Plasticity is the ability of a single genotype to
produce more than one alternative form of morphology, physiological state, and/or
behaviour in response to environmental conditions (West-Eberhard 1989) experienced
during ontogeny (Nylin & Gotthard 1998). For this to be effective, an organism must
have the potential to monitor its environment and make appropriate “choices” between
different developmental strategies using reliable environmental cues that predict future
conditions. If this occurs, development can become optimized to the specific environment
an individual experiences. It is generally accepted that optimal insect development
typically involves a direct trade-off between the fitness advantages of a large size, due to
increased fecundity, and the disadvantages of a long developmental time, but an organism
that grows at a high rate can achieve both at the same time.
To test plasticity in nymphal growth, I conducted a reciprocal transplant study in
the laboratory where genetically-related 1st instar nymphs that hatched from eggs
collected from adults emerging early in the season (cohort 1) received both natural and
simulated (late emerging) temperatures while the genetically-related 1st instar nymphs
that hatched from eggs collected from late emerging adults (cohort 2) also received their
natural and simulated (early emerging) temperatures. The observed phenotypic variation
can then be used to indirectly determine if the cause of the variation is genetic,
environmental, or an interaction of the two. I anticipate that there should be some degree
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of plasticity seen in development, and that the influence of the environment will be more
important than any genetic effect. For example, nymphs that are typically exposed to
August (warm) temperatures will grow faster than nymphs typically exposed to June
(colder) temperatures when exposed to the same temperature conditions. This is to be
expected because late emerging cohorts are under time constraints to attain a certain
developmental stage before the onset of unfavourable overwintering conditions. Thus,
they should inherently be adapted to mature quicker. I also investigated changes in
nymphal development in laboratory and field experiments using 3 populations of H.
limbata located within a narrow latitudinal range. Because development of these insects
is related to temperature and subsequently latitude, I expect that all 3 populations should
exhibit the same growth rates at the same temperatures and any one population should not
be more plastic in its response than another.
Methods
Hexagenia female imagos were collected from three populations in Ontario,
Canada at sunset on June 10 and August 10, 2003 representing an early emerging and a
late emerging cohort, respectively. Eggs were collected from female imagos at Colchester
Harbour (western Lake Erie), the Town of Belle River (Lake St. Clair) and from a Detroit
River population in the city of Windsor. At each site, I collected eggs from 24 female
imagoes. Gravid females were placed in individual collection bags with aerated distilled
water, where they immediately released their eggs. A small amount of clay mixed with
water was added to the bags to minimize clumping of eggs. In the laboratory, individual
bags of eggs were gradually cooled to 8°C for incubation (Friesen 1981). Cold storage
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induces dormancy; diapause does not occur in eggs of Hexagenia species in this region
(Hanes et al. 1990).
Because 1st instar nymphs that were collected in June and August are to be placed
in incubation chambers and in the field at the same time, eggs collected in mid June were
held at 8°C for 2 months while those collected in mid August were immediately used in
the study. The storage of eggs may influence hatching success and time to first hatch but
once the nymphs have hatched I assumed that storage time would not would influence the
growth rate when environmental conditions are to be kept constant within treatments.
Because two species, H. limbata and H. rigida co-occur at the study sites and because
adult females of Hexagenia cannot be identified to species, the chorionic structure of
eggs were examined to determine species (Koss 1968) to ensure that only H. limbata was
used.
Laboratory Experiments
Growth and Survivorship
Sets of eighteen aquaria (2 genotypes (i.e. early and late cohorts x 3 replicates))
each containing 48 laboratory reared H. limbata nymphs were monitored for the 3
population sites (W. Lake Erie, Detroit River, Lake St. Clair) over 3 time steps (25, 50,
75 d) for a total of 54 aquaria (Table 4.1). In the laboratory, all nymphs were maintained
in continuously aerated 3-L Plexiglas aquaria (7 cm wide x 30 cm long x 15 cm high)
containing ~ 5 cm of autoclaved sediment and dechlorinated tap water. The top 6 or 7 cm
of water were decanted from each aquarium monthly during the experimental period, and
replaced with dechlorinated water. Trials were run in constant light in controlled
environmental chambers (temperature fluctuations <0.5°C). Nymphs were fed a diet of
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Table 4.1. Summary of 2 x 2 factorial experimental design used to study the influence of
plasticity due to the effect of genotypes (cohorts) and temperature on the development of
H. limbata nymphs at the 3 population sites. Natural temperatures correspond to those
experienced in the wild at that emergence time while simulated temperatures represent
temperatures experienced by the other cohort.
Temperature
(°C)

Genotype
Earlv

Late (48 nymphs/ aquarium)

20°C

Natural

Simulated

25 °C

Simulated

Natural
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ground Tetramin®, alfalfa and yeast. Feeding rates varied but were consistent among all
treatments with time as nymphs grew. Aquaria were examined twice weekly, and
additional food was added when necessary to maintain a barely visible layer of food on
the surface of the mud, assessed as a “non-limiting” level of food. Nymphs were fed at a
rate of 7 mg/larva/feeding for the duration of the study.
Size of nymphs and survivorship of nymphs were calculated by retrieving nymphs
from tanks at 25, 50 and 75 d. Growth was calculated as the difference between (final initial) head width sizes. Three replicates from each treatment were harvested at 25-d
intervals (i.e., 25, 50, and 75 d) to monitor growth and survivorship. Nymphs were
removed from the tanks by slowly pouring off the overlying water through a 250 pm
sieve and replacing it with carbonated water. The nymphs rose to the surface and were
removed with forceps. Afterwards, the sediment was sieved through a 250 pm sieve to
insure that all nymphs were retrieved. Nymphs were preserved in 70% ethanol. Head
width (HW) (measured across the eyes) and body length (BL) (total length excluding
cerci) of all nymphs were measured using the Mocha Image Analysis system (Jandel
Scientific). I used HW rather than BL, as the measure of nymphal size, since the
coefficients of variation is less for HW than for BL (Hanes 1992).
Plasticity
Data from the growth and survivorship study was used to determine plasticity.
The previous experiment was conducted in 20° and 25°C temperature conditions, which
corresponded to natural or simulated temperature regimes, so mayflies from those
treatments were examined for plasticity in development. For example, nymphs that
hatched in June were given their naturally occurring temperatures (20°C) as well as the
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corresponding simulated August temperature (25°C) conditions. For nymphs hatching in
August their natural field temperatures were 25°C, while the simulated temperatures were
those experienced if they had emerged earlier at 20°C.
Field Study
I investigated the influence of population and emergence date on nymphal size
and survivorship of nymphs from three different populations (W. Lake Erie, Detroit
River, Lake St. Clair) incubated in tanks at the L. St. Clair site (Table 4.2). Since all
nymphs were reared under the same environmental influences (temperature and
photoperiod), plasticity in development was not addressed in this study. In preparation for
the field study, four individual sets of eggs (~ 500 eggs/set) from each collection period
(early and late) and each site (3) were placed into Petri dishes containing distilled aerated
water at room temperature, and monitored daily for hatching. Nymphs first hatched after
eggs had been held for 4 d at room temperature. On the morning when the tanks were
going to be placed at the Lake St. Clair field site, 48 newly hatched nymphs (1 day old)
were pipetted into each of 48 rearing tanks.
<
■)

This density is representative of field populations (1140 nymphs/m ) of
Hexagenia species in the Great Lakes region (Schloesser & Hiltunen 1984) and has been
demonstrated to permit high nymphal growth and survivorship in laboratory studies
(Hanes 1989). Each tank was filled with 5 cm of sediment collected from Western Lake
Erie 41°48’N 82°52’W using a ponar grab. The sediment from this location was selected
because Hexagenia nymphs were abundant at this site. After holding sediment at 4°C to
prevent decay, the sediment was washed through with a 250 pm sieve, where all of the
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Table 4.2. Summary of experimental design to test changes in head width of 3
populations of H. limbata nymphs taken from an early and late emerging cohort (4
replicates per case) and incubated in tanks for 45 (n= 24 tanks) and 90 (n= 24 tanks) days
in the field.

Population
W. Lake Erie

Emergence date

Detroit River

Early

4

4

4

Late

4

4

4

Belle River
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organisms/debris was removed. The sediment was then autoclaved (20 min at 120°C, 103
kPa) to kill any remaining organisms. The sediment was then placed in large (30 L)
containers where an initial mixture of yeast, Tetramin® fish food flakes, and alfalfa
powder (Corkum and Hanes 1992) was placed and aerated continuously. This facilitates
the natural growth of bacteria inside the sediment, which is important for the survival of
the nymphs.
Four replicates from each of the 3 population sites and 2 cohorts (collected at two
time points for a total of 48 tanks) were set on August 15, 2003 in Lake St. Clair (selected
because of suitable access and substrate type). The 48 clear plastic tanks (10 cm wide x
25 cm long x 15 cm high) were randomly positioned in a 12 column x 4 row grid, and
secured into the substrate 15 m from shore at a water depth of 1 m. On the day that
insects were harvested (day 45 and 90), tanks were removed from Lake St. Clair, and
transported back to the lab. Recovery of nymphs and sediment used in this study was kept
constant as the laboratory study. On-site temperatures were recorded for the study using a
temperature logger and are presented in Fig. 4.1.
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Fig. 4.1. Water temperature of Lake St. Clair (near the town of Belle River) obtained
using a Hobo ® recorder, positioned at the lake bed where rearing tanks were set
(15 m from shore, water depth: 1 m).
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Results
Laboratory Experiment
Survivorship and Size
In all cases, mean survivorship of nymphs reared in the laboratory < 45%. There
were no significant differences in mean ± SE survivorship of laboratory reared mayfly
nymphs that originated from populations in Lake St. Clair (33.8 ± 2.4%), the Detroit
River (40.4 ± 4.3%) or western Lake Erie (37 ± 3.0%) (1-way ANOVA, F=0.50, df=2,
P=0.61) after 75 days of growth. Mean survivorship differed significantly throughout the
incubation period (1-way ANOVA, df=2, P=0.025): 33.9± 2.8% (25d), 29.5± 2.3% (50d),
41± 3.6% (75d). Although there were no differences in survivorship between the 25 and
75 d periods, survivorship during the last 25 d differed from the mid-25 d period of
development (Student-Newman-Kuels test; P<0.05; Fig. 4.2). There was no significant
difference in mean survivorship between early (34.1± 2.7%) and late (35± 2.2%) cohorts
(to .0 5 ,

45=0.25, P=0.81). Nymphs reared at 20°C had higher survivorship than those reared

at 25°C (3-way ANOVA, P=0.005; Table 4.3, Fig. 4.3).
Results from a 3-way ANOVA test showed that temperature (P<0.0001), cohort
(P=0.041), and the interaction between temperature x site (P=0.014) significantly affected
the size of nymphs (Table 4.4, Fig. 4.4). As expected, nymphs that were exposed to
higher water temperatures (25 °C) developed faster and were larger than nymphs that
were exposed to lower temperatures (20°C) (Fig. 4.4). Interestingly, these differences
appeared to be greater for the late rather than the early cohort; the temperature x cohort
effect was marginally significant (P=0.059) (Fig. 4.4). Although the nymphal growth was
significantly greater at 25°C compared with 20°C for the Colchester and Detroit River
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Table 4.3. Results from 3-Way ANOVA determining significance of temperature, cohort
and population site on survivorship after 75 of growth.
Source

d.f.

MS

F

P

Temperature
Cohort
Site
Temp*Cohort
Temp* Site
Cohort*Site
Temp* Cohort* S ite
Error
Total

1
1
2
1
2
2
2
16
28

2567
4.08
453
217
645
601
217
240

10.7
0.017
1.90
0.90
2.70
2.51
0.90

0.005
0.898
0.184
0.356
0.098
0.113
0.356
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Fig. 4.2. Mean (+) survivorship of nymphs when reared in the laboratory after 25, 50, and
75 days of incubation. Differences in survivorship are labelled “a” and “b” and
occur between the 50 and 75 d point.
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Temperature (°C)
Fig. 4.3. Relationship between incubation temperature and mean (+) survivorship of
nymphs reared in the laboratory. Nymphs reared at 20°C had a higher
survivorship value (labelled “a”) than those reared at 25°C (labelled “b”).
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Table 4.4. Results from 3-Way ANOVA determining significance of temperature, cohort
and population site on head width.

Effect

SS

d.f.

MS

F

P

Temperature
Cohort
Site
Temp*Cohort
Temp*Site
Cohort* Site
Temp*Cohort*Site
Error

2.025
0.135
0.044
0.116
0.277
0.108
0.008
16.9

1
1
2
1
2
2
2
522

2.025
0.135
0.022
0.116
0.139
0.054
0.004
0.032

62.54
4.18
0.68
3.57
4.28
1.67
0.12

0.000
0.041
0.508
0.059
0.014
0.189
0.888
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Fig. 4.4. Relationship between head width (size) and nymphal development time for 3
populations of mayflies from early and late cohorts reared in 20°C (solid line) and
25°C (dashed line).
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populations, there was no significant difference in growth with increasing temperature for
the Lake St. Clair population. Overall, growth was greater for populations reared from
eggs collected in June (the early cohort) compared with populations reared from eggs
collected in August (the last cohort).
Plasticity
In the laboratory, the degree of plasticity in developmental rates within
populations was tested to see if development was genetically fixed or environmentally
mediated. The different cohorts showed a significant change in hatching rate when
exposed to varying temperatures (20°C vs. 25°C). Genotype 1 represents the early cohort
while genotype 2 represents the late cohort. Plasticity was examined after 25, 50, and 75
days of growth (Fig. 4.5- 4.7).
Plasticity in growth rates was apparent in the Lake St. Clair, Detroit River and W.
Lake Erie population respectively after 25, 50, and 75 d of growth (Figs. 4.5, 4.6, and
4.7). After 25 days, cohort 2 was more plastic (as measured by steepness of slope) than
cohort 1 from the Detroit River and Lake Erie population. Cohort 1 was more plastic than
cohort 2 from the Lake St. Clair population. After 50 d of growth, cohort 2 was more
plastic than cohort 1 in populations retrieved from all 3 sites. This trend was reversed
after 75 d growth in which cohort 1 was more plastic than cohort 2 at all 3 sites.
Field Study
Mean (+ SE) survivorship levels were highest during the 1st 45 d compared to the
2nd 45 days of growth. This trend was consistent among populations. Mean pooled
survivorship levels for all 3 population sites was 38% after 45 days in the field and
dropped to 8 % after 90 days (Fig. 4.8). The number of tanks recovered on day 45 was 24
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while only 9 were recovered on day 90, due to a severe storm prior to the date of
collection which lead to tanks being dislodged from the lake sediment and lost. A number
of competitors (oligocheates, leeches, gobies) were found inhabiting the tanks at each
time point.

87

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

25 days
L a k e S t . C l ai r
E

E
jc
4-»
XI

g
■(0o
<D
X

G 2
0.9-

0 .8 -

20

25

W ater te m p (°C)

Detroit River
E
E

G2
0.9-

X

0 .8

-

0.7

20

25

W ater tem p (°C)

W . L a k e Erie
E

E
G 1

JZ

0.9-

X

G2

0 .8 0.7

20

25

W ater te m p (°C)

Fig. 4.5 a, b, and c. The relationship between head width and water temperature for early
(G l) and late (G2) cohorts obtained from the three study areas after 25 d growth
in the laboratory.
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Fig. 4.6 a, b, and c. The relationship between head width and water temperature for early
(G l) and late (G2) cohorts obtained from the three study areas after 50 d growth
in the laboratory.
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Fig. 4.7 a, b, and c. The relationship between head width and water temperature for
early (G l) and late (G2) cohorts obtained from the three study areas after 75 d
growth in the laboratory.
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45
90
Incubation period (d)
Fig. 4.8. Pooled data from the three collection sites showing that the mean survivorship
(+ SE) bars for collections made after 45 days (labelled “a”) and 90 days (labelled
“b”) differed significantly in terms of mortality between sets (P = 0.0022). A
major storm accounted for lost tanks in set 2.
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Pooled data from the three collection sites showed that there is a significant mean
survivorship difference after 45 days between the early and late emerging cohorts (Fig.
4.9). A comparison of mean survivorship among the three populations showed that there
was no significant difference in survivorship between the Detroit and Lake Erie
population but mortality for nymphs originating from the town of Belle River in Lake St.
Clair differed significantly (1-way ANOYA, df=2, P= 0.0047) from the other 2
populations after 45 days (Fig. 4.10).
Cohort 1 nymphs from the Detroit River and Lake St. Clair were significantly
larger than cohort 2 nymphs reared under the same environmental conditions for 45 d
(Fig. 4.11). No significant difference in size between the two cohorts was observed from
nymphs obtained from W. Lake Erie after 45 days (Fig. 4.11). After a period of 90 days,
there were no significant differences in head width between cohorts for all 3 populations
(1-way ANOVA, P>0.05). Pooled values from the 3 populations showed that time
significantly influenced the rate of growth of H. limbata. There was significantly greater
growth (1-way ANOVA, P< 0.05) within the first 45 d of incubation compared with the
last 45 d (Fig. 4.12).
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Early

Late

Cohort
Fig. 4.9 Pooled data from the three collection sites showing the relationship in mean
survivorship (+ SE) after 45 days between the early and late emerging cohorts.
There was a significant difference between the early (labelled “a”) and late
(labelled “b”) cohorts.
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Fig. 4.10. A comparison of mean (+ SE) survivorship among the three populations after
45 d. There was no significant difference in survivorship between the Detroit and
Lake Erie population (labelled “b”) but mortality for nymphs originating from the
town of Belle River in Lake St. Clair differed significantly (P = 0.0047) from the
other 2 populations (labelled “a”).
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Discussion
In many species of aquatic insects, water temperatures and time constraints have
been shown to alter the development and influence the size variation seen in the adult
population (Lillehammer 1974, Sweeney & Vannote 1978, McCafferty & Pereira 1984).
Mayfly nymphs, independent of the maternal adult emergence date, were able to alter
their development and express the suitable phenotype in response to temperature. In the
field study, where environmental conditions were kept constant across treatments, I found
that emergence date played a critical role in growth rates as well as survivorship.
Reciprocal Transplant
When environments within the range of a species differ, phenotypic plasticity
provides one solution to the problem of adaptation to heterogeneous conditions (Via et al.
1995). Mayflies that emerged in June represent the early cohort (G l) while those that
emerge in August represent the late cohort (G2). It is presumed that the nymphs of early
emerging cohorts came from parents which took 22 months to develop while the late
emerging cohort took only 14 (Heise et al. 1979). In the laboratory, both the early and
late cohort varied plastically in their growth rate in response to the subjected water
temperatures. Independent of the time of total development (e.g., 25, 50, and 75 days)
both cohorts growth rates were higher in response to the 25°C water conditions regardless
of conditions they would naturally experience.
As expected, there is a significant effect of temperature on the growth rates of H.
limbata mayflies. In general, aquatic insects emerge at a smaller adult body at increased
rearing temperatures. This finding is relevant to members of the Protista, four phyla and
eight classes of animal, two families of plant and one bacterium species from both
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terrestrial and aquatic habitats (Atkinson 1994). Atkinson (1994) found that in over 80%
of ectotherms studied this pattern was generally consistent. Temperature affects body size
by constraining body growth, altering the adaptive value of body size or the development
rate (Atkinson, 1994, Sibly & Atkinson 1994). This occurs as low temperatures retard
differentiation more than growth, thereby increasing stage-specific size (Smith-Gill &
Berven 1979).
The general exceptions to this size reduction at increased temperatures are several
mayflies of the order Ephemeroptera (Sweeney & Vannote 1978; Vannote & Sweeney
1980). For these organisms, seasonal effects where maturity must be reached before the
onset of resource shortages results in faster juvenile growth at increased temperatures,
leading to the production of larger than smaller adults since those from all temperature
treatments would mature at similar times (Atkinson 1995).
A second finding was that there was also greater differences in growth between
the temperature treatments (25 and 20°C) for the late vs. early cohort (Fig. 4.4),
underlying the importance of the cohorts to development. Margraf (2003) found that for
O. elongate larvae which had emerged late in the season the costs of being small before
the onset of unfavourable conditions exceeded the costs of growing fast. Therefore, high
winter mortality may arise in those nymphs that are at a substantially reduced size while
the reduction in growth from the early cohort nymphs suggests that the benefit of
attaining a larger size is typically lower than the cost of maximizing growth rate (Margraf
2003). These results indicate that both size before winter and nymphal growth rate in H.
limbata are under stabilizing selection and that a plastic growth strategy, rather than
growth rate maximization seems to be beneficial in this insect.
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Differences in fitness correlated through size were also evident between cohorts.
The fitness (as measured by head width) of the early cohort was consistently greater than
the late emerging cohort across all time periods (25 to 75 d). Maternal influences as
dictated through total developmental period are experiencing a tradeoff in fitness with
longer development being associated with more fit (increased head width) offspring. It
must be noted that when examining the slope between 2 lines, it will always be a straight
line. So the results of this study should be taken under some advisement, but the general
trends should be consistent with other temperatures. Since the slopes of the reaction
norms do not overlap between the two cohorts, there is a trend towards a cohort x
temperature influence on these populations such that no single genotype will be superior
over all environments that would cause it to become fixed by selection (Thompson 1991).
Finally, because the degree of plasticity (slopes) between the two cohorts differed in all
three populations, I conclude that these may be two separate genotypes that code for
nymphal development. Thus, within all three populations of mayflies, similar
developmental patterns were followed for both the early and late cohorts. Across time,
the degree of plasticity in development varied slightly between cohorts with the late
emerging group being more plastic at 50 d, whereas the nymphs collected at 25 d
exhibited more plasticity than the nymphs recovered at 75 d.
The result of this research examines the implications of plastic growth on fitness.
Shortening the juvenile period is advantageous because it reduces the window for
juvenile mortality (Roff 1992, Steams 1992). Since size in Hexagenia is directly related
to fitness (Hunt 1932), life-history models predict that development time should be
minimized and juvenile growth rate should be maximized. It may also be advantageous

99

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

for an individual to grow more slowly (Abrams et al. 1996), although this leads to a
longer juvenile period or a smaller adult size if there are fitness costs of a high growth
rate (Arendt 1997, Gotthard 2000). In Hexagenia, the only influence on survivorship
(fitness) was temperature where the mortality was higher in those reared at 25°C
compared to 20°C. So for any organism there may be an optimal growth rate that is not
necessarily the maximum but the optimal balance between the costs and benefits is likely
to be influenced by environmental factors such as predation rate and time stress (Nylin et
al. 1996, Gotthard 2000). In temperate regions, where part of the year is unsuitable for
growth and development, most insects have to reach a certain size or developmental stage
before the onset of winter in order to survive. Hence, temperate insects typically face
time horizons that limit their development, variation in climatic variables such as
temperature and photoperiod are often used as cues to estimate the remaining time
available (Nylin & Gotthard 1998).
In summary, this study shows that in an insect species whose life cycle is
constrained by time limitations on nymphal development, nymphs will still not grow at
their maximal rate unless they experience late season conditions. This individual
adjustment in growth in relation to time horizons in insects may be a more common
phenomenon than previously thought (Margraf 2003).
Comparison of Laboratory and Field study
Survivorship of nymphs reared in the laboratory (without predators and with
optimal diet) averaged -40%. In the natural environment where nymphs were only
provided with optimal habitat and density of conspecifics, the survivorship of these
insects was 38% after 45 d and dropped down to under 10% after 90 d. The difference in
survival especially across time may be due to a combination of influences including the
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presence of competitors (oligochaetes, leeches, etc.) which were found colonizing the
sediment, the presence of predators, as fish (round gobies) were present in some of the
tanks during collection and the fact that the nymphs in the tanks were not satiated with an
optimal level of food. This study can help elucidate the natural mortality rates of this
species making estimates of secondary productivity and densities more realistic.
Nymphs from the two cohorts and from the three population sites showed a
significant difference in growth rates across time both in the lab and in the field. Growth
rate significantly decreased as the nymphs increased in size. These results are consistent
with other studies that found that this trend is applicable in situations even when
temperatures (which affect growth directly) are kept constant (McDiffett 1970, Vaught &
Stewart 1974, Knight et al. 1976, Siegfried & Knight 1978). Such a growth pattern fits
Minot’s Law (Medawar 1945), which states that specific growth rates are maximal at or
near birth and decline with age. Reduced growth in larger nymphs may be partially
explained by the allocation of energy to maturation processes rather than to growth in
older nymphs (Knight et al. 1976).
In two (Lake St. Clair and Detroit) of the three populations, nymphal growth from
eggs obtained from the early cohort was significantly greater compared with eggs
obtained from the late cohort when exposed to constant environmental conditions in the
field after a period of 45 days. This suggests that certain endogenous factors affect early
nymphal development. Egg size is known to differ between the two cohorts, where eggs
collected from adults emerging early were significantly larger than from those collected
late in the season (Chapter Two data) and this corresponds with a change in nymphal
development. Since parents of offspring hatched in June require 22 months to develop
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while parents of offspring hatched in August require only 14 months (Heise et al. 1987),
perhaps there maybe a cost to fast development which becomes evident in the early
development of offspring. Smaller nymphal size may translate into poorer ability to
compete for resources such as food and space against their larger counterparts. My
laboratory results differed from field data in respect of growth differences and emergence
date. No significant differences were seen between early and late emerging cohorts in
terms of growth when reared at the same temperature in the laboratory. Nutritional
factors could influence the growth rate. The excess food available for nymphs reared in
the lab likely affected growth rates (Brittain 1976). Mayfly nymphs that do not receive
additional nutrients in food supplements are significantly smaller than those that do
(Mckee & Atkinson 2000).
The final study examined the effects of cohorts and temperature on the
development of H. limbata nymphs. Results from the 3-way ANOVA show that
temperature and emergence date both influence the development of these insects. In
terms of temperature effects on development, growth rates were significantly higher for
populations reared in 25°C than in 20°C, both within and between populations that is
consistent with other studies where higher temperatures were related to faster growth
rates (Wright et al. 1982, Giberson & Rosenberg 1992). Temperature during nymphal
development has an important effect on life-history traits such as growth and
developmental rates, adult size and fecundity of Hexagenia. Fecundity is directly related
to female body size (Hunt 1953), so differences in fecundity with respect to temperature
should correlate with differences in adult size. For hemimetabolous aquatic insects, the
temperature regime for nymphs that produces the largest and most fecund adults has been
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viewed as optimal (Sweeney and Vannote 1978). The optimum temperature for growth of
H. limbata is probably between 20 and 25°C (Zimmerman & Wissing 1978, McCafferty
& Periera 1984). Because individuals were larger in all cases when reared at 25°C, that
temperature is considered more optimal to development than 20°C. An increase in the
water temperature directly affects growth by influencing metabolic (Ward & Stanford
1982, Robinson et al. 1983) and feeding rates (Zimmerman & Wissing 1978, Wallace &
Merritt 1980; it also affects food quantity and quality by influencing algal production and
microbial growth rates on detritus (Anderson & Cummins 1979, Ward & Stanford 1982,
Rempel & Carter 1986). This leads to disproportionately high respiration relative to
assimilation. As a result, faster growth rates and decreased body-sizes at higher
temperature are often observed (Atkinson 1994). Because food and density levels were at
their optimum this is why a difference in growth rates was seen.
In conclusion, although many quantitative studies have described the relationship
between temperature and the pattern of growth for many species of Hexagenia, they have
been limited to a single collection date (Wright et al. 1982). I have shown how both
temperature and emergence date can influence the growth strategy of H. limbata mayfly
nymphs both within a laboratory and field setting.
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Chapter 5: Conclusion

The objective of this research was to quantify the effect of emergence date,
temperature, and level of plasticity on the development of eggs and nymphs from three
populations of H. limbata mayflies. Because temperature directly affects the development
of these insects and changes with emergence date, the interaction of these two variables
was of interest in a species that exhibits an extended emergence period. Plasticity enables
an individual to vary in their development (West-Eberhard 1989) so that an individual
may optimize its development with respect to specific environmental conditions. If the
phenotypes of eggs and nymphs can be altered in response to the environment, substantial
differences in life cycle development can occur.
I conducted a field survey of Hexagenia adults to examine nocturnal and temporal
patterns of mayfly emergence at Colchester Harbour, western Lake Erie (Chapter 2). I
also examined differences in body sizes between sexes and species (H. limbata and H.
rigida) over time. Hexagenia adults exhibited an extended emergence period, lasting
about three months with a window of massive mayfly swarms in late June. Maximum
density of adults occurred about 2 h after sunset throughout the season. Adult males were
significantly smaller than females on any given sampling date throughout the emergence
period. There was no difference in body size between the two co-occurring species.
Because the short-lived (1-3 d) Hexagenia adults emerge from June to August, the
subsequent eggs and nymphal stages are exposed to different temperatures throughout
their development. It is well established in the literature that water temperature affects
both time of egg hatching and nymphal development (Lillehammer 1974, Sweeney &
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Vannote 1978, Humpesch 1984, Sweeney 1984, McCafferty & Pereira 1984, Heise et al.
1987). However, hatching rate and nymphal development likely differs as a function of
adult emergence date. I compared the influence of sampling location (populations),
emergence date and temperature on egg hatching and size (chapter 3) and nymphal
development (chapter 4) by exposing each life history stage to a range of temperatures
and to temperatures at the beginning and end of the emergence period. These experiments
were conducted on three populations of H. limbata (Colchester Harbour, western Lake
Erie; Detroit River at the city of Windsor; and, Lake St. Clair at the town of Belle River).
Eggs obtained from female adults that emerged late in the season took longer to
complete development (i.e. hatch) than eggs obtained from adults that emerged early in
the season. This pattern was consistent among all three populations exposed to four (16,
20, 25, 28°C) rearing temperatures (Fig. 3.3). Moreover, eggs from late cohorts were
significantly smaller than eggs from early cohorts (Fig. 3.4). Hexagenia have been shown
to exhibit alternating generations where offspring from June cohorts originate from adults
that took 22 months to develop compared with offspring from August cohorts that
originate from adults that took 14 months to develop (Flannagan 1979). Because of these
alternating generations, maternal effects represented by the nutritional energy devoted to
the eggs may be the overriding influence on egg development and size.
Hanes (1992) showed that differences in nymphal competitive ability were a
function of the day of hatching within a single clutch. Thus, eggs that hatch quickly (i.e.,
those from early cohorts) result in advantages for newly hatched nymphs; i.e., these
nymphs may out-compete others for suitable burrowing sites (substrate type and food).
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This strategy is particularly advantageous early in the emergence period when adult
density is high (Fig. 2.1).
Egg hatching also varied plastically with incubation temperature. For all three
populations, the late emerging cohort displayed a greater plastic response to variable
environmental conditions that the early cohort. It may be more important for early
cohorts to exhibit less variability in hatching times because competition among newly
hatched nymphs will be greater early that later in the emergence period. Thus, time for
egg development (i.e. hatching time) may ultimately be related to mayfly fitness.
In Chapter 4, both laboratory and field experiments were conducted to measure
the growth rates in three separate populations and two cohorts (early and late) of H.
limbata mayflies. Laboratory studies also were conducted on plasticity of nymphal
development. Growth in Hexagenia is directly linked to fecundity in females (Hunt 1953)
and varies according to incubation temperature. In both laboratory and field studies, there
was significantly greater growth early in development (25 d, lab; 45 d, field) compared
with growth later in development (75 d, lab; 90 d, field). Plasticity in nymphal
development differed between early and late cohorts. Nymphs from the early cohort were
always larger over time, but nymphs from late cohorts grew faster. The late cohorts are
typically under time constraints to grow faster before the onset of unfavourable
overwintering conditions, which are detrimental to growth and development (Margraf
2003).
In summary, I relayed the importance of a synchronous emergence, and the
differences in body size both between sexes and stages and the role each plays in the
survival and goals of H. limbata mayflies. I was able to quantify the emergence period of
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these mayflies and interpret some of the influences that this had on the development of
eggs and nymphs. Because of the differences in emergence periods between cohorts this
could be related to different strategies taken, where the importance of quick development
in eggs and nymphs differed with respect to emergence date. In terms of biological
significance of this research, because of the global changes in temperature as a response
to the greenhouse effect, my research has shown that through plasticity, H. limbata would
be able to respond to these temperature threats. This means that even with a change in
temperature it would still ensure that a food supply would still be available for fishes.
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Further research needs
This research has explored a number of potential influences on the development
of H. limbata. Within my sampling sites two similar co-occurring species are prevalent,
H. limbata and H. rigida. Both species inhabit the same habitat type but are known to
alternate in abundance year-by-year (Corkum unpublished data). It would be interesting
to study the growth and developmental periods required for H. rigida and see if this
influences their respective yearly abundances. Also because of the study populations
being geographically very close together, similar heterogeneous environmental
conditions were experienced similarly throughout. It would be interesting to introduce
mayflies which are naturally exposed to homogenous environmental conditions no matter
the cohort (e.g. those from the Southern irrigation canals of Utah) and plotting their
development under more heterogeneous conditions. This would give us a better
understanding of the importance of the internal control these insects had with respect to
development.
Research needs for the field survey include measuring nymphal densities across a
whole night, rather than culminating approximately two hours past sunset. This would
give a better understanding of the number of individuals that emerge each night. Because
density and sexes varied greatly in terms of emergence each collection night, where
sometimes only males were present while on other nights only females (A. Sharma
personal observation) it would be interesting to measure external factors such as water
temperature, moon phase, wind speed, humidity etc. to correlate environmental factors to
strength and type of emergence.
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Pursuing some additional studies could continue the research on eggs. Important
to this research would be measuring the quality of eggs and examining the response to
number of days required for hatching. Egg quality could be quantified in terms of the
specific nutritional input inside the eggs (protein/lipid) levels. One would want to
measure whether the nutritional energy differed among cohorts and what ration results in
the corresponding differential hatching times.
In terms of phenotypic plasticity, the ability for an organism to potentially alter its
morphological, physiological or behavioural make-up in response to the particular
environmental pressures it faces could be further explored. In particular, it has been
shown how chemical cues from a predatory brook trout, Salvelinus fontinalis can cause a
morphological change in the mayfly Drunella coloradensis which adopts longer caudal
filaments and heavier exoskeletons (Dahl and Peckarsky 2002) both which are
adaptations towards an anti-predator response. It would be of interest to note whether this
ability would be translated in H. limbata. Another facet towards this anti-predator
research is examining the costs of producing these inducible defences. Since mayflies do
not take on such morphological changes in the absence of predators it could be noted
whether there any significant differences seen in number of eggs produced (fecundity)
between those mayflies reared in their respective predator and non-predator
environments.
In temperate zone insects, environmental seasonality plays a critical role in
development, as a large proportion of the year is unfavourable for growth and
reproduction. Mayflies may alter their development by either reaching maturity at a
smaller size or growing quicker to its “normal” size (Nylin and Gotthard 1998). It could
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be interesting to see whether an insect is able to decrease the number of nymphal instars
due to environmental seasonality so one could count the number of stages required for
complete development of these insects reared in various environments. Because
Hexagenia have between 30-40 instars and probably no consistency between them
(Corkum, personal communication) one could use the development of wind pads as an
alternate measure to development. Since the environment plays such an influential role in
the development of these insects other avenues of interest would be measuring the
minimum size required for these insects to survive winter conditions. Also, because the
functional role of the sexes differs it would be important to look at the development of
males and females separately and whether one shows a greater degree of plasticity than
the other. Males where protandrous emergence is more important would be expected to
show greater plasticity in growth, as final adult size is not as important. Additionally, my
lab research on plasticity in development of nymphs could be applied to the field. One
could take both early and late emerging nymphs collected the year prior and rear them in
aquaria both early and late in the season when water and environmental temperatures
differ. Finally, because the mayflies used in this study were collected from environments
where seasonality and temperature differed significantly between cohorts it would be
interesting to note whether mayflies collected from tropical environments where there are
no environmental difference whether plasticity in development existed when they were
transplanted to Southern Ontario climate conditions. This might give a better
understanding of plasticity as a widespread phenomenon or more of an adaptation to local
climate conditions.
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My research efforts have begun to explore many of the interesting aspects
involved in the struggle for existence in H. limbata in relation to its development, and
further research would also be very interesting to approach.
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